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Abstrat
This work desribes the tests of the sintillator eletromagneti alorimeter of
the WASA detetor setup after transferring it from the CELSIUS storage ring
at The Svedberg Laboratory(Uppsala, Sweden) to the Cooler Synhrotron
COSY at the Institut fur Kernphysik (IKP) of Forshungszentrum Julih,
Germany. The tests were performed using gammas of 4.4MeV energy from
an AmBe soure. The status of the CsI(Na) rystals was determined and the
indiation of gain fator for the energy alibration was extrated.

Streszzenie
Ta praa magisterska opisuje testy kalorymetru elektromagnetyznego detek-
tora WASA po jego transferze z akeleratora CELSIUS The Svedberg Lab-
oratory(Uppsala, Szweja) do Forshungszentrum Julih Institut fur Kern-
physik (IKP) Niemy (akelerator COSY). Testy zostaªy przeprowadzone
przy u»yiu ¹ródªa Amerykowo-Berylowego emituj¡ego promienie gamma o
energii 4.4MeV. Krysztaªy CsI(Na) zostaly sprawdzone oraz staªe kalibra-
yjne zostaªy wylizone.
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1 INTRODUCTION
1 Introdution
This work was performed during my stay from November 2005 to April 2006
in the Institut fur Kernphysik (IKP) of Forshungszentrum Julih, Germany
as a diploma student of the Jagiellonian University Craow. It was motivated
by the transfer of the WASA[6℄ detetor setup from the CELSIUS storage ring
at TSL(Uppsala, Sweden) to the Cooler Synhrotron COSY at IKP [1℄. This
latter results in an unique sienti opportunities for hadron physis with
hadroni probes: COSY with its phase-spae ooled proton and deuteron
beams overing an energy region up to the φ-meson setor is ombined with
WASA, a lose to 4pi detetor for photons and harged partiles. After the
transfer to Julih and prior to installation in the COSY ring - whih is shed-
uled for summer 2006 - all detetors needed to be tested and to be tuned.
This thesis deals with the eletromagneti alorimeter of WASA, probably
the most important and most ruial part of the whole setup.
The thesis is divided into three main parts. Setion 2 desribes the ad-
vantages of the transfer WASA to Julih[2℄, and gives an overview over the
WASA detetor inluding the pellet target system. Speial attention was put
to the entral part and partiularly to the eletromagneti alorimeter.
Setion 3 reveals the physis of eletromagneti interations of photons
and eletrons with matter. Basi issues of alorimeter physis are given.
Setion 4 desribes the performed measurements on the alorimeter. Se-
tion 4.1 shows how the data were taken and a desription of eletronis is
presented. The general analysis of the data is introdued in setion 4.2. Fi-
nally setion 4.3 is dealing with the main goal of this thesis, the test of the
CsI(Na) alorimeter rystals with 4.4MeV gamma soure. Setion 4.4 pro-
vides a omparison with energy deposits by osmi muons in the alorimeter
medium, using a Monte-Carlo simulation of the full WASA setup.
A Summary with onlusions are given in setion 5 { future impliations
for the WASA alorimeter are onsidered.
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2 The WASA at COSY Projet
The WASA detetor setup had been operated sine 1998. It has been built
with the fous on studying the deays of η-mesons in nulear reations. How-
ever, in 2003 it has been deided to shut down the CELSIUS ring thus, to
stop the operation of WASA at CELSIUS. Shortly after that announement
the idea ame up to ontinue the operation of WASA at COSY. The reasons
are obvious: The ombination of WASA and COSY would be of advantages
for both ommunities. COSY oers a higher energy than CELSIUS, allowing
the extension of the studies into the η′ setor. The WASA detetor had an
eletromagneti alorimeter as a entral omponent and, thus, the ability to
detet neutral deay modes involving photons { suh a devie is missing at
COSY. The proposal [2℄ for moving WASA to COSY was aepted by the
COSY PAC in 2004. The WASA detetor was dismounted during summer
2005 and shipped to Julih. The nal installation is sheduled for summer
2006.
2.1 Cooler Synhrotron COSY
Figure 1: View at the Cooler Synhrotron COSY.
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The Cooler Synhrotron COSY Fig. 1 is loated in the IKP of the Forshungszen-
trum Julih Germany. It delivers phase-spae ooled polarized or unpolar-
ized protons (deuterons) of momentum from p = 300 MeV/ up to p =
3700 MeV/. The ring has a irumferene of 184m and an be lled with
up to 1011 partiles. When using the internal luster target the luminosity of
value 1031cm−2s−1 an be reahed. Two ooling methods are applied during
aumulation of the beam to redue the phase-spae volume, eletron ooling
at injetion energies and stohasti ooling. In the eletron ooling method
an eletron beam, moving with the same average veloity as proton beam, ab-
sorbs the kineti energy of protons, whereas stohasti ooling is the proess
in whih the deviations of nominal energy or position of partiles in a beam
are measured and orreted. The eletron ooling system in COSY is applied
at injetion momentum p = 300 MeV/ and reahes up to p = 600 MeV/,
and the stohasti ooling from p = 1500 MeV/ to 3700 MeV/. Both, pro-
ton and deuteron beams, an be provided unpolarized as well as polarized.
At COSY internal and external target positions are in operation Fig. 2. For
further details see [8℄.
Jagiellonian University 8 Benedykt Jany
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Figure 2: The aelerator omplex with the ylotron, the COSY ring
and the experimental installations. The plae of WASA is within
one of the straight setions of COSY. For more details please visit
http://www.fz-juelih.de/ikp/osy.
Jagiellonian University 9 Benedykt Jany
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2.2 The WASA detetor
50 cm
Iron Yoke SEC FPC FTH
MDC
PSB
FWC
FVHFRH FRI
SCS
interaction point
Central Detector Forward Detector
CELSIUS
beam
50 cm
Figure 3: Cross setion of the WASA detetor as being used at CELSIUS.
Beam omes from the left. The Central Detetor (CD) build around the
interation point (at the left). The layers of the Forward Detetor (FD) are
shown on the right. Other symbols (MDC, PSB, FPC, ...) will be explained
in text of the thesis.
As mentioned before theWASA detetor {WideAngle ShowerApparatus
Fig. 3, was designed to study various deay modes of the η-meson. This is
reeted in the detetor setup. The η-mesons are produed in reations of
the type pp −→ ppη. Due to the kinematis boost, the two protons are go-
ing into the forward diretion, while the light deay produts of the η are
distributed into 4pi.
In order to detet the protons, a φ-symmetri forward detetor for θ ≤ 18◦
is installed. The partiles are identied and reonstruted by means of dE
measurement and trak reonstrution using drift hambers. A trigger, whih
is set only on the forward detetor, an be used to selet events independently
on the deay mode of the η-meson.
Jagiellonian University 10 Benedykt Jany
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Figure 4: 3D View of the WASA detetor[2℄.
Partiles oming from meson deays are e±, µ±, pi± and γ, are deteted
in the entral part of WASA (θ ≥ 20◦). Momentum reonstrution is done
by traking in a magneti eld and the energy of the partiles is measured
using an eletromagneti alorimeter. By inluding the entral detetor in
the trigger also very rare deay modes an be studied while using a very
high luminosity of up to 1032 m−2s−1. A 3D view of the detetor setup is
presented in Fig. 4.
2.2.1 The Pellet Target
The pellet target system Fig. 5 was a speial development for WASA. The
"pellets" are frozen droplets of hydrogen or deuterium with a diameter be-
tween 25µm and 35µm. The advantages of using pellet target ompared with
a standard internal gas target are the following:
• high target density, allows high luminosities neessary for studying rare
deays
• thin tube delivery through the detetor, 4pi detetion possible
• very good loalized target, small probability of seondary interations
inside the target
The entral part of the system is the pellet generator where a stream of
liquid gas (hydrogen or deuterium) is broken into droplets by a vibrating
Jagiellonian University 11 Benedykt Jany
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nozzle. The droplets freeze by evaporation into a rst vauum hamber
forming a pellet beam. The beam enters a vauum-injetion apillary where
it is ollimated and is fed through a 2m long pipe into the sattering hamber
Fig. 6. An eetive beam thikness for hydrogen of 3 ∗ 1015 atoms/cm2 has
been ahieved with a beam diameter 2−4mm, a frequeny of pellets 5−10kHz,
and an average distane between the pellets of 9− 20mm.
Figure 5: The Pellet Target system [2℄.
Figure 6: Photo of generated pellets [7℄.
Jagiellonian University 12 Benedykt Jany
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2.2.2 The Forward Detetor
The Forward Detetor (FD) Fig. 3 tags meson prodution by measuring the
energies (dE-E) and angles of forward sattered projetiles and harged reoil
partiles like protons and deuterons, also neutrons and harged pions. The
produed mesons are then reonstruted using the missing mass tehnique.
It overs angles from 3◦ to 18◦. It onsists of several layers of detetors
desribed below:
• FWC The Forward Window Counters
The FWC is the rst detetor in the Forward Detetor. It onsists
of 12 plasti sintillators of 5mm thikness. It is used to redue the
bakground from sattered partiles originally from the beam pipe or
the exit ange.
• FPC The Forward Proportional Chambers
The next detetor is the FPC. It onsists of 4 modules eah ontaining
122 straw tubes detetors. The modules are rotated relatively to eah
other by 45◦. The FPC is used as a preise traking devie.
• FTH The Forward Trigger Hodosope
Close to FPC the FTH (\Julih Quirl") is installed. It onsists of
3 layers of plasti sintillators, one with straight modules, two with
bended ones. Eah layer has a thikness of 5mm. It is used for a rough
determination of the hit position on the higher level and as a starting
value for the FPC analysis.
• FRH The Forward Range Hodosope
The kineti energy of the partiles is measured by the FRH. It onsists
of 4 layers of ake-piee shaped plasti sintillators of 11cm thikness.
There are 24 sintillators pro layer. It is also used for partile identi-
ation by the dE-E tehnique.
• FRI The Forward Range Interleaving Hodosope
Between third and forth layer of FRH two layers of plasti sintillators
are installed (FRI). Eah layer is made of 32 strips of 5.2mm thikness.
The FRI is used to determine the sattering angles of neutrons.
• FVH The Forward Veto Hodosope
The last layer of FD is FVH. It onsists of 12 horizontally oriented
sintillator strips with photomultipliers on both sides. The hit position
is determined from the time dierenes of the signals. It is used to
identify partiles whih are not stopped in the FRH.
Jagiellonian University 13 Benedykt Jany
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2.2.3 The Central Detetor
The Central Detetor (CD) surrounds the interation point and is on-
struted to identify energies and angles of the deay produts of pi0 and
η mesons, with lose-to 4pi aeptane. It onsists of:
• SCS The Superonduting Solenoid
The SCS produes an axial magneti eld neessary for momentum re-
onstrution using the inner drift hambers. As superondutor NbTi/Cu
is used ooled down by liquid He at 4.5K. The maximal entral mag-
neti eld is 1.3T. The return path for the eld is done by a yoke made
of 5 tons of pure iron with low arbon ontent.
• MDC The Mini Drift Chamber
The MDC is build around the beam pipe and it is used for momentum
and vertex determination Fig. 7. It onsists of 17 layers with in total
1738 straw tubes detetors. It overs sattering angles from 24◦ to 159◦
[3℄. For the resolution refer to Tab. 1.
partile p [MeV/c] resolution △p/p
eletrons 20− 600 < 1%
pions, muons 100− 600 < 4%
protons 200− 800 < 5%
Table 1: MDC resolution
• PSB The Plasti Sintillator Barrel
The PSB surrounds the MDC inside the SCS. It onsists of 146 8mm
thik strips that form a barrel like shape. It is used together with MDC
and SEC, and ats as a dE-E and dE-momentum detetor and as well
as a veto for photons.
• SEC The Sintillator Eletromagneti Calorimeter
The SEC is the heart of the WASA detetor and maybe the most
important part.At CELSIUS it has been used to measure eletrons
and photons up to 800 MeV. However, using a dierent setting the
energy range an be extended taking into aount the higher energy
available at COSY. It onsists of 1012 CsI(Na) rystals shaped like a
trunated pyramids Fig. 8. It overs angles from 20◦ to 169◦ and the
rystals are plaed in 24 layers along the beam Fig. 9. The lengths of
the rystals vary from 30cm (entral part), 25cm (forward part), 20cm
(bakward part). The forward part onsists of 4 layers eah 36 rystals,
Jagiellonian University 14 Benedykt Jany
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Figure 7: MDC and Be pipe. The fully assembled MDC inside Al-Be ylinder
(upper left)[3℄.
overing the range of 20◦ − 36◦. The entral part onsists of 17 layers
with 48 elements eah, overing the range between 36◦− 150◦, and the
bakward part with 3 layers, two with 24 rystals and one with 12.
The geometrial distribution of the rystals an be seen in Fig. 10 and
Fig. 11.
The alorimeter is omposed of sodium doped CsI rystals. They are
painted with transparent varnish for moisture protetion and wrapped
in 150µm teon and 25µm aluminized mylar foil [5℄. For more infor-
mation refer to Tab. 2.
The advantages of using this type of material instead of CsI(Tl) are
the following:
{ emission peak at 420nm (CsI(Tl): 550nm) mathes very well the
spetral eÆieny of the most ommonly used PMT's
{ the sintillation time is short
{ muh less afterglow
{ muh more radiation durability
Jagiellonian University 15 Benedykt Jany
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Figure 8: CsI(Na) rystal fully equipped with light guide, PM tube and
housing [5℄.
Figure 9: SEC planar map (arrow indiates beam diretion) [2℄.
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Figure 10: Shemati view of the alorimeter layout. It onsists of the forward
part (yellow, on the left), entral part and the bakward part (red, on the
right) [2℄.
Figure 11: Photo of the SEC (forward to the left) [7℄.
Jagiellonian University 17 Benedykt Jany
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amount of ative material 16 X0
geometri aeptane: 96%
polar angle: 20◦ − 169◦
azimuthal angle: 0◦ − 180◦
relative energy resolution: 30% (FWHM)
Cs(137)662keV
maximal kineti energy for stopping:
pions/protons/deuterons 190/400/500MeV
Table 2: SEC parameters
Detailed omparison between several types of CsI rystals is presented
in Tab. 3.
Sintillator CsI CsI CsI
(Ativator) (Tl) (Na) (undoped)
Density [gm
−3
℄ 4.51 4.51 4.51
Hygrosopi slightly yes slightly
Emission wavelength max [nm℄ 550 420 315
Lower Cut-o [nm℄ 320 300 260
Refrative index at emission max 1.79 1.84 1.95
Primary deay time [µs℄ 1.0 0.63 0.016
Light yield [103 photons/MeV ℄ 52− 56 38− 44 2
Table 3: Properties of CsI sintillator rystals
Jagiellonian University 18 Benedykt Jany
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2.3 Physis at WASA
The physis program at WASA will investigate symmetries and symmetry
breaking as well as hadron struture and interations. The planned experi-
ments address the following topis: mixing of the salar mesons a0/f0(980),
study of hyperon resonanes, a+0 prodution, pentaquarks, isospin violation
in
−→
d d −→ αpi0 so it is permeated with newness.
However the most promising and intriguing problems, that maybe at
WASA will be laried, of the whole physis program are rare and very
rare deays of η and η
′
mesons. Below I will try to outline the physis
behind them.
The η and η
′
belong to the SU(3) lightest nonet Fig. 12 of the pseudosalar
mesons (0−) [18℄.
▲
✂
▼ ✔
K K
K K
pipipi η
η
+0
0−
− +0
1
8
S
I
3
0-1 11/2
-1
1
−1/2
Figure 12: SU(3) nonet of pseudosalar mesons.
We an write the pure SU(3) states as:
η8 =
1√
3
(uu¯+ dd¯+ ss¯)
η1 =
1√
6
(uu¯+ dd¯− 2ss¯)

 I = 0
pi0 = 1√
2
(dd¯− uu¯)
}
I = 1
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States with the same quantum numbers an mix so η˜ and η˜
′
are not pure
SU(3) states only mixes of the singlet and otet states [10℄:
η˜ = cos(θp)η8 − sin(θp)η1
η˜
′
= sin(θp)η8 + cos(θp)η1
The mixing angle is rather small θp = −11.5◦ [13℄ (dierent experimental
approahes lead to dierent values between −10◦ and −20◦). Mixing like
this is allowed by the harge symmetry. But the situation seems not to be
so simple, QCD Hamiltonian
HQCD = HColor +HCoulomb +muuu¯+mddd¯+msss¯︸ ︷︷ ︸
Hm
exept the Color part HColor ontains also the Coulomb part HCoulomb and
the part with quark masses Hm whih mainly leads to non zero probability
of transition between two dierent isospin states, so the transitions between
the η˜, η˜
′
, pi0 are possible. The physial mesons η, η
′
, pi0 are not pure isospin
states but only mixtures. Beause of the high mass dierene between the
η and η
′
the strongest mixing eet would be observed for the pair pi0 − η.
Lets now write the real meson states pi0, η:
pi0 = cos(θpiη)pi
0 − sin(θpiη)η˜
η = sin(θpiη)pi
0 + cos(θpiη)η˜
where θpiη is the mixing angle between pi
0− η. The easiest way to determine
the θpiη is to measure the ratio of the widths between two deay modes of the
η
′
meson Γ(η
′ −→ 3pi) (not allowed by isospin symmetry) to Γ(η′ −→ η2pi)
(allowed by isospin symmetry) Tab. 5:
R1 =
Γ(η
′−→pi0pi0pi0)
Γ(η′−→ηpi0pi0)
R2 =
Γ(η
′−→pi0pi+pi−)
Γ(η′−→ηpi+pi−)
and then the θpiη an be expressed [11℄:
Ri = Pi sin
2(θpiη)
sin(θpiη) =
√
3△m
4(ms−m̂)
wheres Pi is the phase-spae fator, △m = md −mu, m̂ = (md +mu)/2.
Jagiellonian University 20 Benedykt Jany
2 THE WASA AT COSY PROJECT 2.3 Physis at WASA
Not only these four deay modes will be investigated, thanks to the high
prodution rate Tab. 4, WASA opens possibility to study really very rare
proesses Tab. 5. Lots of these reation will be measured rst time in the
world. For more details look at [2℄.
L = 1*1032
[cm-2s-1]
pp pp  pp pp  '
Tbeam [GeV] 1.5 2.54
Pbeam [GeV] 2.25 3.35
Q [MeV] 94 45
 [b] 25 0.3
Rate [1/s] 2500 30
Table 4: Prodution rates at WASA
Decay BR Existing data
events in the world
WASA@COSY
events per day
 ' 0 0  20.9% 5400 14500
 ' 0 0 0 1.56*10-3 130 145
 '  44.3% 8200 18000
 ' 0 < 5.% - 85
 ' 0  29.5% 9550 44000
 '  3.03% 160 1200
 '  2.12% 2667 17100
 ' 		 1.04*10-4 33 15
 ' ee < 9.*10-4 - 45
ee 4.*10-4 5 7000
eeee < 6.9*10-5 - 450
ee < 7.7*10-5 - 1/6
0 ee < 4.*10-5 - 1/15  1/2
Table 5: Deays of η and η
′
at WASA
Jagiellonian University 21 Benedykt Jany
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3 Physis of Calorimetry
Calorimeters are devies used to measure energy of eletrons, photons and
hadrons. In order to do this they are usually build as a blok of instru-
mented material in whih the partiles are fully absorbed and their energy
is transformed to the measureable quantity. The alorimeters ould be di-
vided in general into hadroni and eletromagneti alorimeters. Hadroni
alorimeters are used to measure hadrons through their strong and eletro-
magneti interations. Due to involvement of nuleon (hadroni) interations
the energy deposit is widely spread and the resolution is quite bad (typially
30−50%). Eletromagneti alorimeters are used to measure energy and po-
sition of eletrons(positrons) and photons by means of their eletromagneti
interations (bremsstrahlung, pair prodution) with matter. I will onen-
trate on the latter ones i.e. the eletromagneti alorimeters. To understand
how they work rst the eletromagneti interations will be investigate.
3.1 Some denitions
Bremsstrahlung
Lead  (Z = 82)
Positrons
Electrons
Ionization
Møller (e−)
Bhabha (e+)
Positron
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Figure 13: Energy loss of eletrons per radiation length in Pb as a funtion
of energy [13℄.
Eletrons and photons interat with matter over today good understood
QED proesses, so the desription of them is possible using simple empirial
approah. There are two main regimes that govern their interations Fig. 13
shows the frational energy loss of eletrons in lead and Fig. 14 shows photon
interation ross setion. As an be seen for energies larger than ∼ 10MeV
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Figure 14: Photon interation ross setion in Pb as a funtion of energy
[14℄.
photons mainly interat by pair prodution, while eletrons lose their energy
mostly by bremsstrahlung. For energies > 1GeV these proesses beome
energy independent. In the lower energy regime, for photons ompton and
photo-eletri eet dominate, for eletrons however ionization rises, travers-
ing eletron or positron in matter undergoes ollisions with moleules and
atoms. It is onsidered as a ionization when energy loss per ollision is be-
low 0.255MeV. Although other proesses also ontribute: Bhabha sattering
and annihilation of positrons and Moller sattering for eletrons. The on-
sequene of this behaviour is that the suÆiently high energeti photons or
eletrons interat with material produing seondary eletrons by pair pro-
dution and photons by bremsstrahlung. These seondary partiles produe
again further partiles giving rise for an eletromagneti shower Fig. 15. This
proess ontinues as long as the energy is high enough to produe other par-
tiles. The limit is indiated by so alled ritial energy Ec (to be dened
later).
The propper sale for the shower proess (expansion desription) is the
radiation length X0, usually given in gm
−2
[13℄. That is dened as:
• mean distane over whih the eletron will lose 1/e of its initial energy
by bremsstrahlung
〈E(x)〉 = E0 exp [−x/X0] , (1)
• 7/9 of the mean distane over whih the photon beam will lose 1/e of
its intensity
〈I(x)〉 = I0 exp [−x7/(9X0)] . (2)
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Figure 15: Possible shower development indued by few MeV gamma, the
energies of e±, γ are given in keV. Following proesses are indiated: A -
onversion to e+e− pair, B - annihilation of e+ into two gammas, C, D, F -
Compton sattering, E, G - photoeletri eet [17℄.
The radiation length depends on the type of material, and an be ex-
pressed as [13℄:
X0 =
716.4 gm−2A
Z(Z + 1) ln(287/
√
Z)
, (3)
where Z { atomi number of the material, A { weight number of the material.
In ase of ompound material it an be approximated by:
1/X0 =
∑
wj/Xj, (4)
where wj { fration by weight of the j-th element, Xj { radiation length of
the j-th element.
The ritial energy Ec mentioned above is not so lear-ut dened. There
are two denitions used Fig. 16:
• ritial energy is the energy at whih ionization energy loss of eletron
is equal energy loss by bremsstrahlung
dE
dx
∣∣∣∣
brems
=
dE
dx
∣∣∣∣
ioniz
(5)
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Figure 16: Two denitions of the ritial energy Ec [13℄.
• ritial energy is the energy at whih ionization energy loss equals ele-
tron energy E divided by radiation length X0
dE
dx
∣∣∣∣
ioniz
=
E
X0
, (6)
this is the same as the rst denition Eq. 5 with approximation
dE
dx
∣∣∣∣
brems
≈
E
X0
. (7)
As shown in Eq. 1 and Eq. 2 the sale for eletromagneti asade devel-
oped by inident photon or eletron is the same and is expressed by radiation
length X0. So now we an desribe in proper way the dimensions of the as-
ade.
The mean longitudinal shower proles of energy deposits Fig. 17 are well
desribed by a gamma distribution:
dE
dt
= E0
bata−1e−bt
Γ(a)
, (8)
where E0 is the inident partile energy, a, b are parameters depending on
the type of inident partile (e±, γ) and t is depth in the material in terms
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Figure 17: Longitudinal shower proles simulated in PbWO3 in dependene
of the material thikness in radiation length, for e− energy 1GeV, 10GeV,
100GeV, 1TeV from left to right [14℄.
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of radiation length. The maximum of this distribution is loated at tmax =
(a− 1)/b whih is usually estimated as:
tmax = ln
(
E0
Ec
)
+ t0, (9)
where t0 depends on type of the partile and is−0.5(0.5) for an eletron(photon)
indued asade.(Ec is ritial energy dened earlier.)
It an be seen in Eq. 9 that the expansion of the eletromagneti asades
is logarithmi and in onsequene the detetor thikness needed to absorb
the energy sales the same way. The thikness that ontains the 95% of the
shower energy , for material with atomi number Z, an be derived as:
t95% = tmax + 0.08Z + 9.6. (10)
The transverse development of the shower is mainly aused by multiple sat-
tering of e± away from the shower axis. Bremsstrahlung photons of these e±
also ontribute to the asade spread. The transverse prole of the shower is
usually haraterised by the Moliere radius RM . Transverse size integrated
over full shower depth, representing the mean lateral deetion of eletrons
after traversing one radiation length and it is expressed as:
RM = Es
X0
Ec
, (11)
with Es sale energy
√
4pi/αmec
2
≈ 21MeV (here α Fine struture onstant)
and Ec ritial energy from Eq. 6. On the average in a ylinder of ∼ 1RM
radius 90% of shower energy is ontained. The transverse size of the eletro-
magneti shower is energy independent as an be seen on the Fig. 18.
3.2 The eletromagneti alorimeter itself
The priniple of energy measurement with an eletromagneti alorimeter is
that the energy deposited in alorimeter medium by harged partile of the
asade is proportional to the energy of the inident partile. Therefore the
total trak length of the asade T0(sum of all ionization traks in asade)
is proportional to
T0 ∼ X0
E0
Ec
, (12)
where E0/Ec { number of partiles in the asade. So the measurement of
the signal produed by partiles in the shower gives estimation of the inident
partile energy.
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Figure 18: Transverse shower proles simulated in PbWO3 in dependene
of the transverse distane from the shower axis in radiation length's for e−
energy 1GeV(losed irles) and 1TeV(open irles) [15℄.
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As an example of the alorimeter let us onsider the eletromagneti
alorimeter of the WASA detetor setup( setion 2.2.3 on page 14 ). It is a
sintillation alorimeter with inorgani CsI(Na) rystals. The mehanism of
sintillation is related to the rystali struture of the material. Charged par-
tiles are produing eletron-hole pairs in the ondution and valene bands
of the medium. When eletrons return to the valene band the photons are
emitted. The respone time and the wave length of the photons depends on
the gap between the valene and ondution band and on the eletron trans-
port in the lattie struture. To inrease the light yield and the response
time rystals are usually doped with some amounts of inpurities, in our ex-
ample Na, that reate additional ativation sites in gap between the bands
thus inreasing the probability of light emission.
So in this ase the amount of light, emitted by sintillation proess, indued
by eletromagneti shower and olleted by photomultiplier is proportional
to the energy of inident partile.
The energy resolution of ideal alorimeter (innite size, homogeneous
response) is govern mainly by trak length utuations. The shower devel-
opment, as known, is a stohasti proess, thus the energy resolution:
σ(E) ∼
√
T0, (13)
using Eq. 12 we an derive:
σ(E)
E
∼
1√
T0
∼
1√
E0
. (14)
The energy resolution of a realisti alorimeter is not so simple dened.
Usually it is written the following way:
σ(E)
E
=
a√
E
⊕ b
E
⊕ c, (15)
where ⊕ { addition in quadrature.
The three terms in Eq. 15 ontribute into resolution:
• the stohasti term a/√E
This term omes from the internal utuations of shower development,
as desribed above. Typial values for this ontribution are on the level
of few perents.
• the noise term b/E
This term omes from eletroni noise of readout hain and depends on
features of the iruit. This ontribution to energy resolution inrease
with dereasing energy and may be dominant for energies below few
GeV.
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• the onstant term c
This term inludes eets that do not depend on the inident energy of
the partile, suh as instrumental eets like imperfetion of mehani-
al struture, temperature gradients, detetor aging, radiation damage
et. All these eets ause nononformities of the response signal, thus
smearing measured energy. Usually this term should be kept in orders
of 1%.
Sample energy resolution urves tted by Eq. 15 are presented in Fig. 19
for three dierent sintillator rystals. The parameters of t are for CeF3
a = 2.17%, c = 2.7%; for PbWO4 a = 1.41%, c = 0.9% and for BaF2 TAPS
spetrometer a = 0.59%, c = 1.9%.
Figure 19: Energy resolution of CeF3 and PbWO4 rystals in omparison
with BaF2 sintillators of the TAPS spetrometer [16℄.
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4 Measurements of the WASA alorimeter
The aim of these measurements was to hek the Eletromagneti Calorime-
ter of WASA after the transport to IKP and to nd broken elements as well
as those with bad performane. In addition the test results will be used for
the relative energy alibration of the CsI(Na) rystals. All hannels were
heked using soure providing 4.4MeV photons ( setion 4.3 ). The results
were then ompared to osmis measurements whih have been performed
for few hannels ( setion 4.4 ).
4.1 Eletronis setup
The eletronis and readout system used for the test measurements is shown
in Fig. 21. In all measurements only one rystal was readout at one. The sig-
nals from the rystal Fig. 22 were then amplied by a fator of 100 [ps 776℄
and split into two branhes. One branh was used to onstrut the trig-
ger: the signal was onneted to the disriminator [LeCroy 821℄ in order
to adjust the minimum signal level at whih the signal should be sampled.
The (logial) output of the disriminator was used to reate a 12.2µs long
gate [dual timer C.A.E.N. N93B℄, whih denes the time window, in whih
FlashADC samples the input signal. The seond line from the amplier
was delayed by 600ns (in order to ompensate the time for trigger genera-
tion and to start sampling well ahead of the signal). The used Flash ADC
[SIS 3300℄ had a frequeny of 100 MHz. After digitization the data were sent
via rate ontroller to the omputer by a speial PCI ard and read using
data aquisition delivered by ZEL
1
(EMS system). The data were written to
disk. During the measurements the spetra were monitored on-line using the
RootSorter[20℄ analysis software.
1
http://www.fz-juelih.de/zel
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Figure 20: Raw FlashADC signal from CsI rystal as seen on the osillosope. The time gate used is also presented
(lower line).
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4.2 General Analysis
The data were analysed event-by-event. For eah sampled pulse Fig. 22 the
zero level was omputed as a mean value of rst 30 hannels and subtrated
from the original signal. The integration gate was seleted by omparing
dierent spetra using various integration gates Fig. 23. The signal to bak-
ground ratio was taken into aount as well as the resolution and the optimal
gate was seleted. The further analysis was then based on the alulation of
the normalized integral within this gate (hannel 30 to 200).
channel
0 200 400 600 800 1000
a.
u
.
-30
-25
-20
-15
-10
-5
0
SIGNAL
Figure 22: Sample CsI signal with subtrated ground level. The nally
seleted integration gate marked hannel (30− 200).
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Figure 23: Integrated pulses for dierent integration gates. Seleted gate is marked.
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4.3 Soure measurements
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Figure 24: Gamma ray spetra of
239
PuBe soure (upper spetrum) and
241AmBe soure (lower spetrum) measured using Na(Tl) sintillator [9℄.
The measurements of individual rystals were done with
241AmBe ra-
dioative soure, see Fig. 24, whih emits 4.4MeV photons. The experimen-
tal setup is shown in Fig. 25 and Fig. 26. The soure was pushed as lose
as possible to the surfae of the CsI rystals. The eletronis setup was as
desribed in setion 4.1. The data rst were treated as explained in se-
tion 4.2, the spetrum Fig. 27 is a result of it. The analysis using ROOT[19℄
was performed, by tting two funtions to the spetra, one desribing the
bakground(as exponential) and one desribing the signal(as a Gauss fun-
tion). The exponential bakground is probably a onsequene of eletroni
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noise. Using this tehnique the peak position and the width of the signal was
extrated from the data for eah tested module. A typial spetrum with
tted bakground and signal funtion is shown in Fig. 28.
The peak position of the signal was plotted versus photomultiplier high
voltage Fig. 29 to hek working onditions. Corretions were applied to
high voltage setting of the modules to adjust the gain to the same working
level. In total around 100 hannels were orreted, the resulting distribution
is shown in Fig. 30. The full results from performed tests, for eah hannel,
an be nd in the Appendix A on page 59.
.
source
CsI crystals
Figure 25: Setup for soure measurements.
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Figure 26: Photo of setup for soure measurements.
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Figure 27: A sample ADC spetrum. The photon peak is indiated.
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Figure 28: One tted ADC spetrum.
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Figure 29: Measured peak position of the rystals versus high voltage.
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Figure 30: Measured peak position of the rystals versus high voltage after
high voltage adjustment.
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The peak width
σ
mean
∗100% for measured rystals was also alulated and
is presented in Fig. 31 as a histogram. The histogram is entered around the
value of 15%. The peak width is a onvolution of the experimental resolution
as well the gamma spetrum distribution from used soure Fig. 24. The
extration of real rystal resolution is hard to estimate, but the alulated
value is quite satisfatory.
peak width (sigma)  [%]
10 12 14 16 18 20 22 24 26 28 30 320
10
20
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Figure 31: Histogram of measured width (in terms of σ) for dierent rystals.
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4.4 Cosmis measurements
The soure tests were supplemented by measuring the response for osmi
muons for a few modules. The eletronis setup was the same as desribed in
setion 4.1. Five modules at dirent azimuthal angles (0◦, 45◦, 90◦, 135◦, 180◦)
have been seleted Fig. 32. The data were analysed as desribed in se-
tion 4.2.
The GEANT3 based Wasa Monte-Carlo program was used to simulate the
shape and the peak position of the energy deposits. Consequently, dierent
geometries and sizes of the rystals were taken into aount [21℄. The muons
were generated aordingly with a zenith angular distribution of cos2(φ) for
φ = 0◦ − 80◦.
Figure 32: The positions of the tested rystals in the alorimeter.
The simulated spetra for the ve dierent rystals are presented in
Fig. 33. The hange of the slopes of tails of distributions is expeted and an
be reprodued by the simulation. This eet is due to the angular orienta-
tion of the measured rystal: most of the osmis are oming from φ = 0◦,
so for dierent orientations they penetrate dierent amount of material. The
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Figure 33: Simulated Monte-Carlo spetra for osmi muons in ve dierent
rystals.
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Figure 34: Simulated Monte-Carlo spetra: upper piture shows rystals at
angles of 0 and 180, the lower piture at angles of 45 and 135.
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symmetry of the distributions should be visible between the rystals oriented
opposite the 90◦ diretion. The Fig. 34 shows simulated spetra for rystals
oriented opposite to the 90◦ axis.
The omparison was done to hek to what extent the soure measure-
ments an be used for alibrating the alorimeter. The measured spetra
were alibrated using the peak position from soure measurements ( se-
tion 4.3 ) and ompared to the simulated ones Fig. 35. As one an see, the
peak position of the distributions diers: the alibration performed in suh
a way has a preision of about ∼ 10%. The explanation of this eet is as
follows: The shower indued by 4.4MeV gammas has its maximum in the
rystal at depth of ∼ 3m. The rystals are ∼ 30m long, so the sintillation
light has to pass most of the rystal lenght, reeting from the aluminized
mylar foil wrapping and atenuating. In ase of osmi muons, the rystal is
iluminated from all diretions with dierent intensities, the osmis are min-
imum ionizing partiles. They penetrate the rystal loosing small amount of
their energy. This is the reason of direnes in peak positions. The preision
of arrangement of the soure in front of the rystal is also important.
The next step was to hek the onsisteny of the data, to see the ex-
peted hanges of the slope of the tails. The measured spetra were thus
re-alibrated using the peak position from the Monte-Carlo simulation and
ompared aordingly Fig. 36. In order to see also the symmetry eet be-
tween the spetra for rystals oriented opposite the 90◦ diretion, Fig. 37 was
plotted. The distributions agree quite well.
To validate also the auray of the Monte-Carlo simulation preditions
with the performed experiment, the data alibrated using simulation were
plotted together with alulated Monte-Carlo spetra for ve dierent rys-
tals respetively Fig. 38, the normalization for peak position was applied
for eah. One an see the spetra are mathing very good eah other, the
shape is desribed quite satisfatory, from the peak position up to the tails.
The onlusion is that the performed Monte-Carlo simulation for the osmi
muons reprodues well the energy deposits in the CsI(Na) rystals.
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Figure 35: Measured osmi muons spetra (alibrated by the 4.4MeV gammas) ompared to the Monte-Carlo
spetra.
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4.4 Cosmis measurements 4 MEASUREMENTS OF THE WASA CALORIMETER
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Figure 36: Measured osmi muons spetra alibrated using the simulated
peak position.
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Figure 37: Measured osmi muons spetra alibrated with simulation: upper
piture shows rystals at angles of 0 and 180, the lower piture at angles of
45 and 135.
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Figure 38: Measured osmi muons spetra (alibrated by the peak position from simulation) ompared to the
Monte-Carlo spetra.
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5 SUMMARY AND CONCLUSIONS
5 Summary and onlusions
The tests of the eletromagneti alorimeter omponents (CsI(Na) rystals)
for the WASA at COSY setup were performed. All available modules were
tested to hek their properties after transport. Sanning of the modules
was performed with a radioative soure providing 4.4MeV gammas. Some
broken hannels were found, xed or replaed. The energy alibration on-
stant was alulated for eah rystal and the peak width for this energy was
extrated (in average 15%). This width is a onsequene of the experimental
resolution as well the used gamma soure spetrum.
ppFZfit  a.u.
0 10 20 30 40 50 60 70 80
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P 
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Figure 39: Comparison between peak the positions measured in Uppsala and
in Fz-Julih.
Similar measurements with a soure of the same type were done earlier
at TSL in Uppsala before moving WASA to IKP at Fz-Julih [22℄. The
omparison between the measured peak positions is presented in Fig. 39. In
general, strong orrelation between these two measurements is observed, but
however, in few ases a disrepany an be seen. The latter may be the result
of hanged optial ontats between the light guide and the photomultiplier as
an eet of the transport. The data are onsistent among the measurements,
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5 SUMMARY AND CONCLUSIONS
whih proofs the same unhanged good quality of the omponents after the
transfer from the CELSIUS ring to the new site.
In addition the task of investigating the energy alibration was done using
osmi muons (see setion 4.4). The measured osmi spetra were ompared
with the Monte-Carlo simulation. The experimental bias for alibration was
determined from this omparison and estimated on the level of ∼ 10%. The
WASA alorimeter is in satisfatory ondition, as it was in the TLS, and it
is ready for mounting at the COSY ring and for ommissioning in August.
Fig. 40 shows the invariant mass of two gammas reonstruted in the eletro-
magneti alorimeter versus the missing mass of two protons extrated from
the forward detetor. As seen on the right, peaks of pi and η mesons are
identied with good energy resolution, whih onrms the detetion apa-
bilities of WASA. The performed tests of alorimeter prove the feasibility of
experiments planned for WASA at COSY starting at the beginning of 2007.
Figure 40: Left piture: Invariant mass of two gammas reonstruted in
the alorimeter versus the missing mass of two protons extrated from the
forward detetor. Right piture: Invariant mass of two gammas with a ut
on missing mass; pion end eta peaks are learly separated [4℄.
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APPENDIX A APPENDIX A
Appendix A
Table a: Results from test with
241AmBe soure
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
459 14.18 1.98 1615
460 12.37 1.59 1521
461 13.29 2.18 1900
462 15.45 2.24 1575
463 7.87 1.13 1440
464 10.31 1.49 1550
465 11.51 1.7 1640
466 12.4 1.94 1639
467 11.3 1.67 1510
470 6.67 1.06 1526
471 12.38 1.73 1720
472 14.8 2.19 1620
473 19.81 2.73 1639
474 18.42 2.48 1613
475 16.22 2.51 1703
476 13.68 1.97 1622
477 15.1 2.1 1620
478 11.15 1.7 1572
479 17.11 2.61 1719
483 15.09 1.97 1480
484 15.42 2.05 1583
485 13.23 1.78 1465
486 13.89 2.04 1535
487 11.03 1.55 1587
488 11.63 1.66 1566
489 13.75 1.99 1650
490 14.94 2.05 1480
491 13.12 1.8 1610
492 14.14 2.05 1640
493 18.84 3.4 1750
494 10.92 1.68 1644
495 14.73 2.02 1750
496 14.9 2.4 1680
497 14.83 2.24 1695
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
498 15.77 2.19 1638
499 14.24 1.83 1466
500 16.19 2.52 1678
501 14.98 2.19 1592
502 7.99 1.3 1616
503 12.66 1.82 1633
504 13.42 2.44 1587
507 13.71 2.02 1518
508 10.95 1.43 1538
510 12.9 1.91 1785
511 15.31 2.09 1599
512 12.55 1.74 1415
513 12.68 1.88 1575
514 13.74 2 1451
515 7.61 1.12 1481
516 14.19 2.08 1640
517 7.82 1.09 1427
518 14.5 2.07 1560
519 19.42 2.41 1763
520 13.16 1.85 1631
521 15.6 2.26 1665
522 16.39 2.29 1531
523 14.07 1.89 1465
524 14.63 2.04 1560
525 14.63 2.05 1540
526 14.95 2.1 1670
527 15.3 2.19 1480
528 12.78 1.84 1692
531 12.41 1.74 1665
532 18.49 2.6 1577
533 13.98 2.02 1560
534 6.96 1.06 1499
535 12.76 1.8 1485
536 11.87 1.69 1614
537 11.45 1.74 1739
538 15.69 2.21 1559
539 11.58 1.66 1512
540 13.12 1.88 1618
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
541 13.46 1.78 1462
542 9.07 1.34 1531
543 12.86 1.87 1500
544 8.35 1.29 1468
545 18.53 3.05 1755
546 15.99 2.3 1688
547 14.06 1.95 1624
548 11.25 1.57 1387
549 17.17 2.41 1764
550 10.2 1.44 1474
551 10.77 1.65 1626
555 18.42 2.16 1620
556 7.11 1.04 1550
557 15.28 2.04 1625
558 11.15 1.57 1492
559 9.05 1.41 1638
560 18 2.47 1630
561 12.49 1.84 1500
562 12.09 1.68 1546
563 13.9 2.01 1598
564 10 1.43 1620
565 12.27 1.68 1485
567 15.78 2.16 1603
568 15.99 2.36 1520
569 15.14 2.24 1661
570 16.21 2.12 1618
571 11.4 1.63 1566
572 14.64 2.13 1690
573 14.18 2.07 1625
574 18.92 2.89 1793
575 14.7 2.08 1390
579 15.36 2.35 1930
580 14.46 2.21 1705
581 7.49 1.11 1482
582 11.93 1.69 1880
584 12.36 1.79 1518
585 10.29 1.43 1395
586 8.38 1.25 1604
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
587 14.39 2.04 1638
588 10.82 1.74 1582
589 18.82 3.3 1722
590 15.19 2.21 1599
591 11.17 1.7 1884
592 16.1 2.28 1670
593 19.71 2.94 1743
594 11.94 1.83 1733
595 15.66 2.25 1706
596 10.17 1.59 1621
597 16.74 2.62 1813
598 12.91 1.97 1894
600 13.03 1.97 1672
603 10.83 1.84 1521
604 13.86 2.1 1725
605 10.69 1.55 1593
606 10.03 1.41 1510
607 8.38 1.35 1477
608 11.95 1.82 1491
609 11.85 1.98 1743
610 13.29 1.92 1583
611 14.45 2.11 1691
612 11.05 1.69 1566
613 14.72 2.06 1688
614 8.08 1.3 1519
615 6.65 0.99 1717
616 19.85 3.16 1600
617 12.56 1.93 1698
618 12.71 1.95 1680
619 9.32 1.6 1693
620 12.9 2.03 1739
621 15.66 2.24 1812
622 9.25 1.58 1821
624 14.07 2.3 1762
627 6.34 0.96 1561
628 15 2.21 1655
629 15.9 2.14 1725
630 12.83 1.65 1682
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
631 13.49 1.89 1544
632 17.8 2.5 1740
633 8.28 1.17 1481
634 14.76 2.3 1700
635 13.79 1.99 1636
636 11.64 1.72 1615
637 10.12 1.65 1771
638 15.45 2.28 1640
639 10.29 1.65 1578
640 12.71 1.84 1697
641 15.58 2.52 1756
642 13.32 2.12 1697
643 12.2 1.93 1603
644 8.86 1.5 1676
645 13.01 2.1 1600
646 14.18 2.41 1843
647 15.11 2.64 1882
649 12.71 2.18 1745
650 6.59 0.98 1484
651 12.28 1.67 1826
652 17.22 2.36 1828
653 10.25 1.55 1560
654 10.24 1.76 1655
655 14.77 2.15 1697
656 9.41 1.55 1515
657 14.38 2.09 1656
658 12.56 1.94 1479
659 12.92 1.87 1774
660 16.12 2.41 1672
661 13.59 2.07 1550
662 13.85 2.16 1582
663 14.38 2.14 1582
665 12.84 1.92 1727
666 14.96 2.41 1631
667 16.96 2.53 1600
668 13.94 2.2 1645
669 14.85 2.34 1755
670 19.15 2.94 1847
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
671 14.84 2.28 1580
796 13.66 1.83 1570
797 10.59 1.58 1600
798 16.25 2.48 1270
800 14.84 2.17 1388
801 11.18 1.64 1758
802 12.81 1.88 1737
803 14.71 2.11 1713
804 12.56 1.78 1561
805 14.52 2.26 1761
808 11.07 1.65 1638
810 11.03 1.57 1777
811 14.67 2.17 1817
812 11.47 1.69 1602
813 8.95 1.43 1624
814 18.73 2.6 1675
815 10.68 1.64 1631
816 15.07 2.1 1558
817 9.9 1.47 1500
819 11.32 1.66 1815
820 9.37 1.37 1469
821 8.5 1.29 1474
822 15.03 2.09 1772
823 15.18 2.56 1664
824 15.52 2 1599
825 13.57 2.13 1372
826 9.63 1.44 1502
827 14.28 2.14 1548
828 17.63 2.72 1669
830 15.28 2.43 1648
831 13.6 1.96 1539
832 14.7 2.17 1427
833 12.1 1.92 1618
834 6.89 1.33 1420
837 10.83 1.79 1746
838 15.3 2.16 1795
839 6.25 1.02 1552
840 12.18 1.94 1610
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
841 14.09 2 1600
842 17.35 2.41 1579
843 15.81 2.04 1547
844 12.69 2.1 1758
846 11.99 1.67 1654
847 19.43 2.79 1685
848 15.39 2.04 1427
849 6.46 1.02 1665
850 14.25 1.95 1549
851 11.12 1.47 1540
852 13.41 1.95 1686
853 13.06 1.73 1567
854 6.85 1.05 1436
855 12.39 1.75 1536
856 14.54 2.1 1583
857 18.24 2.31 1540
858 14.42 1.97 1709
859 15.34 2.2 1626
860 14.73 2.1 1611
861 14.35 1.94 1770
862 15.67 2.12 1740
863 15.76 2.13 1640
864 14.97 2.1 1702
865 14.31 1.93 1475
866 12.07 1.68 1548
867 15.19 2.03 1628
868 14.36 2.07 1622
869 9.97 1.53 1503
870 14.12 2.15 1572
871 7.49 1.17 1571
872 13.9 1.9 1522
873 12.13 1.75 1599
874 13.15 2.02 1652
875 10.8 1.56 1572
876 11.82 1.73 1557
877 16.13 2.25 1752
878 8.99 1.36 1426
879 17.84 2.59 1667
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
880 8.01 1.19 1526
881 10.63 1.54 1528
882 13.06 1.94 1502
883 12.23 1.8 1532
884 12.31 1.7 1554
885 12.74 1.93 1492
886 13.95 1.95 1618
888 15.26 2.03 1657
889 11.91 1.76 1454
890 15.74 2.14 1627
891 7.46 1.1 1406
893 12.3 1.7 1717
894 14.34 2.19 1610
895 13.62 1.9 1619
896 14.19 2.08 1644
897 13.97 2.12 1692
898 10.42 1.54 1570
899 11.78 1.71 1622
900 14.41 2 1608
901 12.36 1.67 1585
902 14.48 2.13 1516
903 14.45 1.95 1658
904 10.05 1.44 1394
905 13.25 1.97 1645
906 9.94 1.45 1562
907 12.23 1.86 1674
908 9.75 1.51 1464
909 16.61 2.38 1490
910 14.48 2.17 1755
911 15.11 2.29 1680
912 12.43 1.71 1549
913 7.71 1.19 1528
914 16.04 2.39 1637
915 15.22 2.16 1650
917 11.18 1.89 1740
918 7.33 1.1 1682
919 12.88 1.89 1600
920 15.32 2.38 1560
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
921 11.87 1.81 1610
922 11.17 1.65 1664
924 8.96 1.36 1625
925 12.69 1.92 1813
926 7.26 1.15 1418
927 14.94 2.37 1712
928 18.3 2.73 1800
929 10.32 1.55 1669
930 11 1.87 1749
931 12.06 1.89 1750
932 15.62 2.31 1627
933 18.55 2.93 1752
934 13.6 2 1814
935 13.63 2.04 1766
936 9.87 1.54 1821
937 15.53 2.32 1558
938 15.1 2.3 1676
940 14.45 2.28 1729
941 12.45 1.99 1763
943 17.26 3.16 1820
944 14.64 2.27 1713
945 18.26 2.54 1711
946 8.59 1.31 1586
947 15.04 2.01 1646
948 10.43 1.55 1684
949 13.3 1.97 1411
950 13.46 1.97 1740
951 11.48 1.77 1632
952 11.48 1.75 1730
953 10.02 1.55 1623
954 6.67 1.21 1761
955 8.47 1.45 1794
956 14.29 2.2 1676
957 12.92 2.04 1712
958 10.35 1.72 1765
959 17 2.57 1780
960 11.18 3.39 1705
961 13.3 1.92 1626
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
962 12.25 1.85 1838
964 13.16 2.05 1782
965 13.66 2.03 1656
966 12.16 2.11 1777
967 16.02 2.2 1780
968 15.03 2.22 1709
969 15.3 2.45 1615
970 12 1.84 1653
971 13.58 1.8 1678
972 14.49 2.24 1769
973 7 1.16 1591
974 13.21 2.14 1691
975 13.86 2.91 1664
976 15.74 2.4 1821
977 8.93 1.38 1565
978 8.44 1.27 1662
979 11.77 1.88 1656
980 10.04 1.63 1750
981 17.73 3.02 1447
982 18.74 2.82 2034
983 18.52 2.88 1994
984 9.1 1.55 1648
985 11.83 1.73 1698
986 13.66 2 1653
987 15.18 2.2 1600
988 12.87 2.07 1698
990 18.94 3.13 1819
991 14.63 2.07 1700
992 15.8 2.3 1534
993 13.85 2 1621
994 13.77 1.97 1568
995 13.88 1.95 1616
996 11.05 1.62 1450
997 19.18 2.95 1718
998 8.34 1.36 1523
999 8.23 1.32 1492
1000 11.92 1.91 1618
1001 7.44 1.45 1481
Continued on next page
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Table a { ontinued from previous page
able peak position [a.u.℄ peak sigma [a.u.℄ high voltage [V℄
1002 13.8 2.84 1935
1003 13.45 2.12 1985
1005 15.9 2.56 1569
1006 15.96 2.58 1892
1007 13.69 2.2 1753
1008 14.14 2.74 1920
1009 14.16 2.94 1880
1010 8.05 1.44 1497
1011 6.31 1.27 1543
1013 11.95 1.95 1695
1014 15.06 2.56 1802
1015 13.1 1.8 1800
1016 8.05 1.52 1528
1017 16.08 2.33 1685
1018 14.74 2.16 1779
1019 11.67 1.75 1638
1020 13.87 2.41 1700
1021 14.69 2.15 1675
1022 16.61 2.33 1658
1023 11.99 1.75 1772
1024 13.36 2.03 1576
1025 8 1.27 1492
1026 13.91 2.37 1925
1027 11.41 1.84 1668
1028 13.51 2.34 1771
1142 12.62 2.77 1550
1143 12.5 1.88 1771
1144 12.68 1.99 1484
1145 10.46 1.56 1576
1146 13.22 1.95 1709
1147 13.87 2.11 1693
1148 10.6 1.56 1541
1149 15.86 2.62 1457
1150 11.82 2.09 1724
1151 8.71 1.49 1622
1152 16.44 2.55 1794
1153 13.42 1.94 1736
1154 13.05 2.26 1603
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1155 12.85 2.04 1792
1156 9.33 1.58 1635
1157 13.05 2.15 1716
1158 11.84 1.78 1629
1159 15.71 2.43 1697
1160 10.46 1.81 1826
1161 13.14 2.24 1692
1162 12.7 2 1723
1164 12.86 2.07 1748
1166 12.25 1.97 1526
1167 9.32 1.48 1588
1168 13.92 2 1610
1169 10.75 1.73 1647
1170 12.42 1.71 1611
1172 11.51 1.67 1455
1175 13.15 1.97 1656
1176 12.39 1.96 1693
1178 10.87 1.66 1544
1179 16.33 2.47 1706
1180 11.01 1.77 1609
1181 12.43 2.07 1729
1182 15.29 2.21 1698
1183 13.88 2.01 1652
1184 10 1.65 1702
1186 10.87 1.73 1474
1187 18.06 2.64 1704
1188 8.54 1.32 1875
1190 13.78 2 1762
1192 14.01 2.11 1626
1193 14.55 1.98 1617
1194 9.48 1.42 1561
1195 11.02 2.01 1577
1196 11.3 1.6 1641
1197 9.52 1.46 1677
1198 11.81 1.84 1679
1199 9.62 1.7 1666
1200 12.06 1.81 1719
1201 14.66 2.11 1712
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1202 10.72 1.52 1577
1203 11.35 1.82 1801
1204 18.05 2.7 1769
1205 6.61 1.28 1749
1206 11.86 1.93 1680
1207 10.93 1.66 1550
1208 14.18 2.07 1725
1209 14.81 2.08 1560
1210 9.21 1.43 1560
1211 16.53 2.37 1621
1212 10.56 1.73 1585
1213 14.33 2.17 1569
1214 15.19 2.28 1714
1216 18.16 2.76 1681
1217 8.21 1.25 1653
1218 9.09 1.5 1648
1219 6.75 1.1 1470
1220 12.33 1.72 1712
1221 18.14 2.88 1800
1222 14.67 2.16 1789
1223 13.43 2.02 1700
1224 13.79 2.02 1550
1225 6.79 1.01 1487
1226 13.32 2.02 1551
1227 9.76 1.45 1488
1228 15.48 2.2 1630
1229 11.24 1.8 1689
1230 6.59 1.08 1474
1231 15.35 2.21 1620
1232 11.44 1.85 1650
1233 12.43 1.94 1622
1234 14.15 2.32 1587
1235 14.46 2.16 1651
1236 16 2.39 1513
1237 9.29 1.5 1534
1238 13.19 2.11 1686
1240 15.81 2.04 1639
1241 14.24 1.95 1580
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1242 9.61 1.37 1592
1243 10.51 1.44 1699
1244 12.61 1.8 1506
1245 10.79 1.6 1603
1246 11.34 1.6 1580
1247 9.19 1.35 1580
1248 10.27 1.52 1462
1249 12.8 2.18 1668
1250 9.23 1.34 1500
1251 6.44 0.99 1600
1252 12.15 1.67 1600
1253 13.54 2.16 1640
1254 10.91 1.79 1738
1255 11.28 1.61 1609
1256 10.66 1.63 1673
1257 12.58 1.71 1515
1258 16.28 2.31 1760
1259 9.61 1.45 1500
1260 7.88 1.3 1592
1261 8.58 1.21 1624
1262 14.48 2.33 1914
1264 7.16 1.15 1533
1265 11.84 1.78 1448
1266 8.75 1.36 1561
1267 11.85 1.74 1532
1268 12.8 1.8 1647
1269 10.03 1.36 1441
1270 13.66 2.17 1780
1271 12.95 1.81 1440
1272 13.8 2.04 1564
1273 18.82 2.63 1583
1274 14.03 2.38 1609
1276 13.6 1.85 1572
1277 10.18 1.58 1634
1278 8.02 1.12 1419
1279 17.05 2.43 1609
1280 13.84 2.05 1775
1281 14.92 2.1 1432
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1282 9.46 1.42 1391
1283 14.54 2.38 1800
1284 14.38 2.07 1625
1285 16.97 2.44 1733
1286 13.33 2.05 1660
1288 12.71 1.86 1729
1289 11.88 1.77 1600
1290 19.58 2.95 1601
1291 6.75 1.12 1546
1292 9.46 1.53 1704
1293 13.05 1.92 1676
1294 9.49 1.46 1421
1295 12.45 1.8 1522
1296 10.23 1.62 1554
1297 11.74 1.63 1510
1298 8.8 1.35 1538
1299 12.3 1.81 1594
1300 12.56 1.87 1427
1301 12.03 1.71 1598
1302 11.76 1.68 1504
1303 13.55 1.9 1527
1304 11.4 1.58 1513
1305 9.49 1.41 1593
1306 19.25 3.01 1605
1307 12.5 1.75 1291
1308 13.67 1.94 1549
1309 14.55 2.17 1680
1310 15.24 2.2 1542
1312 6.81 1.13 1593
1313 9.76 1.43 1500
1314 16.05 2.36 1640
1315 12.68 2.21 1779
1316 11.1 1.74 1540
1318 17.21 2.73 1630
1319 12.55 2.92 2050
1320 7.57 1.37 1704
1321 16.89 2.73 1690
1322 11.76 2.04 1502
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1323 18.23 2.58 1649
1324 15.77 2.13 1631
1325 11.9 2.09 1468
1326 16.02 2.3 1675
1327 8.68 1.51 1567
1328 10.67 1.56 1565
1329 15.35 2.35 1589
1330 7.39 1.24 1559
1331 14.73 2.25 1575
1332 6.43 1.29 1600
1333 13.79 2.07 1682
1415 12.64 1.95 1600
1416 12.04 1.87 1783
1417 13.86 2.05 1610
1418 13.35 1.99 1854
1419 9.15 1.47 1698
1420 12.38 2 1866
1421 12.44 1.77 1667
1422 15.74 2.82 1855
1423 9.93 1.44 1564
1424 13.4 2.21 1818
1425 14.02 2.19 1649
1426 18.07 2.59 1739
1427 6.6 1.03 1543
1428 17.36 2.47 1710
1429 11.41 1.71 1581
1430 9.72 1.48 1555
1431 15.63 2.47 1780
1432 11.84 2.17 1810
1433 12 1.88 1773
1434 9.94 1.63 1665
1435 14.36 2.25 1564
1436 9.38 1.45 1820
1437 13.85 2.08 1611
1438 15.18 2.21 1645
1439 9.8 1.68 1631
1440 15.26 2.35 1870
1441 18.66 2.91 1770
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1442 8.48 1.25 1567
1443 10.36 1.7 1606
1444 10.97 1.9 1704
1446 13.21 2.3 1855
1447 12.65 1.91 1745
1449 12.68 1.97 1654
1450 14.49 2.09 1683
1451 11.95 1.71 1544
1452 14.03 2.21 1672
1453 12.05 1.81 1784
1454 16.23 2.36 1700
1455 15.35 3.3 1837
1456 8.82 1.42 1708
1457 14.7 2.19 1778
1458 13.19 2.02 1418
1459 11.46 1.79 1633
1460 10.75 1.71 1764
1461 12.49 1.9 1797
1462 6.27 1.19 1600
1463 12.36 2.01 1585
1464 11.9 2.08 1862
1465 19.86 3.14 1750
1466 12.46 2.17 1853
1468 18.92 2.7 1800
1470 14.45 2.46 1712
1471 8.81 1.35 1490
1472 14.66 2.17 1589
1473 15.28 2.19 1630
1474 10.97 2.14 1839
1475 18.32 2.57 1671
1476 13.54 2.03 1660
1478 9.89 1.75 1842
1479 13.23 1.91 1854
1480 8.72 1.36 1613
1481 18.25 2.64 1616
1482 9.54 1.55 1714
1483 7.32 1.25 1696
1484 13.14 2.04 1681
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1485 15.37 2.51 1721
1486 15.27 2.25 1600
1487 11.59 2.26 1707
1488 10.56 1.46 1676
1489 19.83 2.97 1703
1490 12.36 2.1 1627
1491 17.86 2.6 1684
1492 7.07 1.18 1428
1493 10.12 1.54 1629
1494 15.97 2.23 1582
1495 12.08 1.73 1618
1496 10.81 1.8 1694
1497 7.87 1.22 1640
1498 15.06 2.28 1583
1499 13.05 1.83 1591
1500 13.44 2.02 1663
1501 7.98 1.12 1512
1502 14.13 2.01 1714
1503 14.07 1.99 1685
1504 9.03 1.44 1605
1505 12.62 1.64 1773
1506 14.18 2.14 1550
1507 13.41 1.9 1696
1508 12.16 1.66 1660
1509 13.77 2.03 1723
1510 14.93 2.13 1548
1511 13.3 1.94 1562
1512 19.39 2.86 1800
1513 15.63 2.32 1640
1514 9.27 1.22 1497
1515 10.84 1.59 1563
1516 17.02 2.35 1713
1517 12.42 1.95 1568
1518 14.96 2.26 1712
1519 10.51 1.43 1533
1520 9.59 1.55 1612
1521 8.59 1.29 1536
1522 11.41 1.73 1611
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1523 7.92 1.23 1567
1524 15.16 2.23 1578
1525 15.41 2.24 1662
1526 9.75 1.5 1405
1527 10.55 1.86 1567
1528 13.82 2.13 1489
1529 9.78 1.46 1380
1530 16.09 2.15 1644
1531 10.76 1.64 1637
1532 10.78 1.52 1551
1532 12.17 1.7 1551
1534 12.19 1.78 1495
1535 11 1.72 1461
1536 10.96 1.53 1379
1537 17.46 2.33 1625
1538 7.93 1.27 1339
1539 12.19 1.92 1674
1540 16.83 2.44 1648
1541 6.15 0.93 1450
1542 14.43 2.16 1658
1543 12.05 1.77 1521
1544 10.69 1.57 1371
1545 10.49 1.55 1579
1546 14.99 2.23 1726
1547 13.63 2.05 1569
1548 13.51 1.94 1515
1549 16.46 2.24 1776
1550 8.2 1.25 1405
1551 12.97 1.89 1527
1552 9.38 1.29 1491
1553 13.18 2.01 1602
1554 9.85 1.51 1514
1555 9.79 1.53 1583
1557 9.92 1.58 1452
1558 12 1.72 1586
1559 14.7 2.16 1492
1560 14.61 2.1 1620
1561 6.63 1.02 1526
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1562 11.64 1.67 1602
1563 8.69 1.29 1601
1564 14.56 2.21 1701
1565 15.41 2.2 1700
1566 16.04 2.33 1588
1568 11.7 1.81 1651
1569 7.31 1.14 1545
1570 18 3.32 1900
1571 18.16 2.65 1944
1572 13.22 2.03 1604
1573 19.78 3.36 1648
1574 9.72 1.59 1816
1575 13.15 1.98 1603
1576 14.79 2.17 1696
1577 12.01 1.9 1440
1578 10.1 1.74 1386
1579 16.43 2.51 1741
1580 12.51 1.89 1426
1581 12.88 2 1667
1582 11.77 1.83 1699
1583 9.77 1.61 1540
1584 14 2.11 1661
1585 12.94 1.96 1706
1586 9.87 1.69 1473
1587 13.7 2.09 1762
1588 17.1 2.61 1822
1589 14.69 2.47 1742
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